The EU DEMO plasma is almost completely enveloped by large breeding blanket segments for tritium breeding and power extraction. Shaping of the blanket plasma-facing wall in 3-D may prove to be essential, but this strategy alone is not sufficient to protect against anticipated transient plasma events. The high heat flux wall-limiter approach used in ITER is not thought to be viable in a tritium self-sufficient power reactor, and so in EU DEMO wall protection using discrete limiters is pursued. Two types of discrete limiter are described in this paper. One is an equatorial port limiter designed to handle the power during the plasma start-up phase making use of water-cooled tungsten/CuCrZr monoblock technology. The second is the upper limiter, featuring a plasma-facing component designed specifically for extreme transient loading due to a vertical displacement event. The heat flux channeling and thermal barrier features of this design are shown to considerably reduce CuCrZr pipe temperature, and so reduce the likelihood of catastrophic failure. A preliminary neutronic calculation has shown that the impact of these discrete limiters on overall tritium breeding ratio is relatively low.
INTRODUCTION
The plasma-facing wall of the main chamber in DEMO will be unlike ITER or any current device [1] . Efforts are underway in Europe on a pre-conceptual design of DEMO as part of the EUROfusion power plant physics and technology programme. The EU DEMO plasma is almost completely enveloped by large breeding blanket segments which must ensure tritium breeding self-sufficiency as well as exhausting nuclear heat at high temperature to the reactor heat transfer system. The blanket first wall (FW) is to be actively-cooled reducedactivation ferritic-martensitic steel (Eurofer) under a 2-3 mm plasma-facing tungsten armour [2] . While a specification of plasma surface loads to the FW is under development, work to date has shown that during normal flat-top operation total power to the FW will be dominated by core and scrape-off layer radiation, but maximum power density is generated by thermal charged particles [3] . The radiated loads are broadly independent of the FW geometry whereas charged particle loads are a strong function of wall design, for example plasma-wall gap, wall curvature, and presence of gaps or openings. In all tokamaks, minimization of wall loads and protection from plasma-wall interactions is essential, but wall protection by engineering design has never been more important than in DEMO because the blanket system is not only plant safety critical but also a huge investment item.
During the flat-top phase, the plasma is in a diverted configuration and the majority of power in the scrape-offlayer is conducted into the divertor zone, with only a fraction being conducted to the wall [4] . Nevertheless, the anticipated blanket FW technology described above has a modest steady-state engineering heat flux limit of approximately 1 MW/m 2 [2] (for water or helium cooling). This limit could be exceeded in certain areas of the wall, and so to mitigate this risk it will be vital to provide adequate shaping of the wall in three dimensions.
Shaping the blanket FW can protect against the relatively quiescent diverted plasma flat-top phase, and account for controllable variations such as the slow transition of the magnetic equilibrium over the two-hour DEMO pulse due to the solenoid flux swing. However, with present knowledge it is not possible to exclude normal or offnormal plasma transient events [3] , some of which may bring extreme energy and power densities far exceeding the aforementioned blanket FW heat flux limit. Particularly challenging are transients during which the plasma is limited, for example during plasma start-up or vertical displacement events (VDEs). Consequently, in EU DEMO we propose discrete high heat flux limiter components which serve to protect the rest of the FW from plasma transients. These limiters must use high heat flux technology so that their heat flux limit is considerably higher than the blanket FW, but they will also be sacrificial components. To allow replacement independent of the blanket system the limiters will be installed in dedicated ports. They must also be few in number, to minimize impact on tritium breeding ratio (TBR) and cost. An array of different designs will be needed, each with distinct functions. Two such concepts are depicted in Figure 1 and are the subject of this paper. In Section 2, the concept of global wall shaping in 3-D is illustrated and the implications outlined. Next, two discrete limiter concepts are described (shown in Figure 1 ); in Section 3 an outboard equatorial port limiter which receives the wall heat load during the plasma start-up phase, and in Section 4 a discrete upper wall protection panel component which attempts to sacrificially protect the blanket system in the event of a postulated upward-VDE 1 . Section 5 presents a preliminary neutronic assessment of the impact of these limiters on reactor TBR and Section 6 gives conclusions.
FIG. 1. A single sector (22.5°) of EU DEMO showing inner (left) and outer (middle) blanket segments and the anticipated position and extent of upper and outer equatorial limiters. Shaping of the outer blanket FW can be seen on the right.

WALL SHAPING
As stated above, shaping of the wall in 3-D is essential to manage charged particle wall loads. In ITER the wall is a wall-limiter split into individual water-cooled high heat flux (HHF) panels [5] , and each panel is shaped to effectively spread the power arising from plasma start-up and burn phases (normal and off-normal transients) and in order to protect panel exposed edges [6] . Further shaping requirements arise as the wall must be robust against misalignment, for example due to realistic assembly and fabrication tolerances, thermal expansion and magnetic eccentricity. In EU DEMO, the blanket system is divided toroidally into segments. Single-module segments are shown in Figure 1 , but each segment may also be divided poloidally into modules (multi-module segments). Because of the considerable size and cost of the blanket segments, modest misalignment of the DEMO blanket FW must be tolerable, placing greater importance on the shape design (wall load calculations suggest that, for a shaped wall, 20-50 mm radial misalignment may be acceptable while still respecting FW heat flux limits [7] ).
Flat-faced FW modules, even when radiused on the edges, will likely lead to unacceptable heat flux peaking, especially in the presence of misalignment 2 . Instead, the wall surface shape is calculated using an approach based on the ITER first wall design [6] , in order to more uniformly distribute heat flux and to protect blanket edges. An exponential model is assumed for the power decay in the far scrape off layer, which is used to calculate a wall profile in the radial-toroidal plane designed to give constant power density. For manufacturing simplicity, a straight-line approximation of this exponential profile is used, resulting in a "rooftop" FW with a central poloidally-oriented ridge, as shown in Figure 1 . The design allows for radial misalignment of 15 mm. Work is ongoing to quantify the effect of misalignment on wall heat flux and temperature peaking, and so determine DEMO wall load 'penalty factors' [7] . This initial specification of DEMO FW shaping is informing the blanket system design and requirements on manufacturing procedures and tolerances. ___________________________________________________________________________ 1 Note that the list of transient events considered in this paper is by no means exhaustive, but these are cases which are thought to be conservative from the point of view of wall protection. 2 The requirement for a shaped wall may be somewhat lessened in certain areas of the wall if discrete limiters are used.
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A DISCRETE START-UP LIMITER
All divertor tokamaks start-up using initially a limiter plasma until the X-point is formed. In ITER the wall panels themselves are designed to handle the power conducted to the wall during this phase. In DEMO, this wall-limiter approach is deemed infeasible because 1) there are concerns that the HHF technology would diminish reactor TBR below break-even, 2) the need for the coolant to be at high temperature (for power cycle efficiency) precludes the use of copper alloys, and 3) there is a drive to minimize DEMO construction and maintenance costs. Instead, one or more outboard equatorial port limiters (see Figure 2 ) receive the power during the start-up phase. These are similar in principle to the design considered for ITER [8] , which envisaged two diametrically opposed limiters, but which was rejected in favour of the wall-limiter. Although the area of plasma contact is very small, a key advantage of these discrete limiters is the possibility of replacement via the equatorial ports, allowing more frequent exchange than envisaged for the blanket system. Alignment of the port limiter(s) can be more accurate than for the blanket FW; such alignment is envisaged only on first installation or after maintenance of the limiter.
A design-driving issue for the limiters is the choice of structural material for the plasma-facing components (PFCs). Copper alloys are usually chosen for HHF components, including in the ITER FW [5] , but there are questions over the ability of copper alloys to survive in the extreme fast neutron irradiation environment in DEMO [9] . Neutron damage in CuCrZr is expected to be up to 12.8 dpa after 2 full-power years (fpy) in the water-cooled divertor [10] but could reach or exceed 13 dpa for every 1 fpy at the higher fluence reactor midplane [11] . The tensile behavior of CuCrZr is thought to saturate at <10 dpa when irradiated at 150-300°C [12] , but as a nonequilibrium precipitation hardened alloy at such high dpa irradiation ageing and consequent softening are a serious concern, as is embrittlement due to transmutant helium. Under EUROfusion efforts are underway to extend the CuCrZr irradiated property database. In the meantime, research is also underway on novel high temperature copper alloys [9] as well as Cu-W composites [13] . In this work it is assumed that CuCrZr, or a more advanced Cu-based structural material with equivalent engineering properties, will be acceptable for use in the DEMO FW PFCs.
To maximise HHF handling the start-up limiter PFC is an evolution of the ITER tungsten divertor [14] , a monoblock armour surrounding a CuCrZr structural water cooling pipe, with pure copper bonding interface. However, the design should be tailored to the specific transient loading requirement of the start-up limiter. Based on ITER models [15] , it is thought that the limited phase of plasma ramp-up will be approximately 60-100 s in duration. For this limited time the thermal inertia of tungsten may be exploited, resulting in a slightly thicker plasma-facing tungsten layer than would be chosen for purely steady-state loading. By thermal finite element analyses (FEA) it has been found that 15 mm of tungsten between the copper and the plasma-facing surface achieves a compromise of thermal hydraulics and tungsten temperature limits (also verified by the RACLETTE code [4] ). To simplify integration into the underlying limiter shield block, all water-cooling feed and return pipes are routed on one side of the limiter, and so the PFC features dual cooling channels within the tungsten block (see Figure 2 ). The limiter PFC cooling conditions are the same as for the divertor, i.e., inlet 150°C and 5 MPa pressure.
The structure behind the limiter PFCs will not be tritium breeding, but it must provide the same radiation shielding function as the blankets, in order to avoid streaming of neutrons to the vacuum vessel (and other stainless steel components) and magnets. Consequently the equatorial port limiter features a water-cooled Eurofer shield block of up to 70 cm radial thickness (subject to update following detailed neutronic analyses) which interfaces to the stainless steel port plug. The shield block, shown in Figure 2 , is composed of radial-toroidal layers of Eurofer, each 30 mm thickness. The layers are water-cooled via channels which are distributed according to the volumetric heating profile. Water cooling to the shield block may share the series circuit of the PFCs, as in the divertor [10] .
The manufacturing proposal for the shield block is by deep-drilling of cooling channels in the layers, which are closed at the plate boundaries by vacuum brazed plugs (see Figure 1 ) and subsequent tempering to recover the mechanical properties of Eurofer. This component design has been shown to satisfy the linear-elastic design criteria laid down in nuclear design codes, against nuclear heating and coolant pressure loads (electromagnetic loads are under evaluation). An alternative route being investigated is manufacturing of the plates with in-laid cooling channels via a hot isostatic pressing procedure, as was proposed for the ITER port limiter design [8] .
The port limiter design is in a pre-conceptual stage; some of the key issues under investigation are listed below.
-The number of limiters required is not decided. Increasing the number of limiters above one may reduce the average power load, but puts greater requirements on alignment accuracy. In the ITER port limiter design a radial shift in one of the limiters of significantly more than 1 mm would lead to an increase in power of more than 10% [15] . Four equally spaced equatorial limiters are currently assumed for EU DEMO.
-Shield block layers orientation. Radial-toroidal layers lead to toroidally oriented PFC pipe runs which may help alignment accuracy, but may lead to higher electromagnetic loads, especially due to a plasma disruption. -Method of structural support of the shield block layers and integration of water-cooling manifolds which may allow exchange of a damaged component in the active maintenance facility.
FIG. 2. Outer equatorial port limiter and inset views showing component detail.
A WALL PROTECTION UPPER LIMITER
As in other tokamaks, the rationale for limiters at the upper wall is to protect the remainder of the FW in the event of an upward VDE. A second role is to shadow the rest of the FW near to the secondary (inactive) X-point, where charged particle loads are likely to be high. These upper limiters occupy the space below the upper port (see Figure  1) , to allow remote maintenance without the need to remove breeding blanket segments. The huge amount of energy deposited during the VDE, based on present knowledge [4] 1.3 GJ for 4 ms (thermal quench) and ~0.5 GJ for 70-300 ms (current quench), will lead to extensive melt damage of the tungsten armour. Such melt damage can be accepted, as the limiter may not be required to survive more than one such event, and so can be in a sense sacrificial, however what must be avoided is a failure of the water cooling boundary as this would have catastrophic consequences. This is a highly challenging and unusual set of requirements, and justifies investigation of a bespoke PFC design and associated technology.
The starting point is again divertor-like water-cooled tungsten monoblock technology and it is currently assumed that copper alloys will retain adequate properties over the required component life. A large number of design concepts have been studied, arriving at the design for the upper limiter PFC shown in Figure 3 . This departs from the ITER monoblock concept by incorporating two grooves normal to the front face, and it also includes a thin strip of low thermal conductivity steel (Eurofer) on a limited arc length at the interface between the CuCrZr pipe and soft Cu interlayer. These, so far untested, features are both motivated by the goal of forcing a larger proportion of heat towards the non-plasma facing side of the cooling pipe, reducing peak heat flux on the pipe. This effect is also embodied in the so-called thermal break monoblock design [16] . However, more crucially, since the motivating load case for this PFC is an extreme transient, channeling heat to the rear of the component makes better use of the tungsten block as a heat sink, buffering the transmission of heat to the pipe and so considerably reducing heat flux at a given time point. The following benefits are obtained compared to the reference "ITERlike" topology (also illustrated in Figure 3 ) which does not use heat flux channeling or any kind of thermal barrier.
(a) Reduced temperature in the CuCrZr pipe material for both steady-state and transient heating.
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Dual Cu-alloy cooling pipe (b) For extreme transients approaching 100 MJ/m 2 , temporarily exceeding the wall critical heat flux (CHF, the heat flux causing departure from nucleate boiling) is inevitable, and so reducing the peak heat flux reduces the severity and duration of excursions above CHF. (c) The addition of the grooves makes the PFC wider than the same component truncated at the position of the grooves. A given HHF panel size with many rows of the grooved components would use considerably fewer cooling pipes than if non-grooved components were used, bringing a proportionate reduction in water mass flow required. This would also reduce the number of vulnerable in-vacuum cooling pipe welds required. (d) The heat flux re-distribution reduces the temperature gradient between the top and bottom of the pipe, reducing thermal bending stress and so increasing the structural reserve factors (margin to failure or cycles to failure).
FIG. 3. Sketch of the upper limiter PFC concept.
The performance of the design in Figure 3 is here demonstrated by analyses making use of the ANSYS FEA code. The numerical model is a quarter model (see isometric view in Figure 3 ) and follows the analysis procedure of Fursdon [17] , but adopts a multilinear elastic-plastic hardening model for all materials except the tungsten. An overall elastic-plastic formulation was necessary because the residual manufacturing stresses originating from the mismatch in thermal expansion coefficients play a large role in the structural behavior. However, the comparatively brittle tungsten is assumed to fail when reaching yield. Another key difference to the Fursdon procedure is the treatment of water cooling heat transfer behavior once CHF is reached. On reaching CHF at a point on the wall, the wall heat flux at that point remains constant, regardless of increases in wall temperature. In reality a two-phase fluid can start to carry greater heat flux, but only once in the film boiling regime where the wall-superheat is far greater than it is when reaching CHF. Copper alloy pipes are very unlikely to survive under pressure at the associated high temperatures.
Note that in water-cooled PFC designs a margin to CHF (typically a factor 1.4) is almost universally applied as, under steady state heat flux conditions, reaching CHF and the associated drop in wall heat transfer leads to a rapid increase in wall temperature and sudden pipe failure. However, the postulated extreme transient is not fixed heat flux but fixed energy input, and so exceeding the temperature of CHF does not lead to an unabated increase in pipe temperature but a temporary increase. The design of PFCs to survive beyond CHF is a new design philosophy and will require design criteria to be developed for relevant thermal-hydraulics in the transition boiling regime.
The water cooling conditions are inlet temperature and pressure of 150C and 5 MPa, respectively, 8 m/s flow velocity and a swirl tube twist tape thickness of 1.5 mm and pitch of 32 mm. Pipe surface roughness (Ra) is 3 µm.
Thermo-mechanical analyses were started assuming a stress-free state at the manufacturing temperature of 450C, followed by a steady-state solution using a uniform surface heat flux of 4 MW/m 2 which represents the plasma flat-top phase (based on current knowledge [4] this value is conservative). From this temperature field the extreme transient is then applied. The postulated event is 100 MJ/m 2 over 250 ms, and so 400 MW/m 2 is applied as a uniform heat flux over the component surface as a 250 ms step function.
HEAT FLUX
Reference design: ITER-like divertor 8 mm Figure 4 presents the temperature distributions corresponding to maximum pipe temperature, which (depending on design) is between 2 and 3.5 seconds after the transient pulse, comparing the design shown in Figure 3 with the reference monoblock of the same width (and so same total energy input). As intended, lower pipe temperatures are seen in the upper limiter design. The maximum CuCrZr pipe temperature is 454C for the new design compared to 725C for the reference monoblock case. Also shown is the result for a "narrow" reference monoblock, essentially the central 20 mm portion of the proposed upper limiter design (truncated at the position of the grooves). Despite having a lower total deposited energy, peak pipe temperature in this design is 652C.
FIG. 4. Temperature distributions at the point in time corresponding to maximum pipe wall temperature (2 to 3.5 s after the transient pulse) for the reference monoblock (narrow and wide) and the proposed upper limiter PFC (right image).
Figure 5 below shows the evolution over time of the pipe inner wall maximum temperature, for the three designs in Figure 4 . All three designs suffer an excursion above CHF, but in the case of the upper limiter concept pipe temperatures are considerably lower than either wide or narrow reference monoblocks. The proportion of pipe wall exceeding CHF and the time spent above CHF are both lower for the upper limiter design. Note that the temperature in irradiated CuCrZr of 454°C would not be acceptable under steady state loading [17] , but is acceptable for this rare off-normal event (damage is monotonic rather than cyclic). These results suggest that the proposed design is more robust against pipe failure due to high energy transient plasma events. On an HHF panel the PFCs are fixed to a rigid structure. As mentioned, the reduction in temperature gradient across the monoblock reduces bending stress in the structural pipe, which is known to be a large contribution of the overall stress in the pipe. To assess this the FEA model was extended so that it includes a row of nine monoblocks in which every fifth block is constrained using a frictionless support where the connection to the substructure is made. This model was run for the case of a steady state 4 MW/m 2 uniform surface heat flux. Stress at the interface between tungsten and copper is found to have a peak of 215 MPa in the narrow reference monoblock case compared to 158 MPa in the upper limiter design. Such results favour the proposed upper limiter concept and suggest greater robustness against failure, however a key next step is to develop appropriate assessment methods and monotonic design criteria to understand what level of absolute stress leads to failure in irradiated CuCrZr. Maximum temperature at pipe bore -100 MJ/m 2 heating over 250ms
FIG. 5. Graph of maximum temperature in the
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PRELIMINARY CALCULATION OF THE IMPACT ON TRITIUM BREEDING
Although covering only a fraction of the wall, the inclusion of discrete limiters in the DEMO design uses space that would otherwise be allocated to tritium breeding blankets, and so it is essential to assess the potential impact of this design approach on TBR, since tritium self-sufficiency is a primary mission of EU DEMO. Neutronic simulations have been carried out using MCNP6.1 [18] and JEFF-3.3 nuclear data library [19] on a 22.5° DEMO baseline 2017 model. A feature of the 2017 design is a reduction in radial thickness of the blanket segments (which are now 560 mm inboard and 800 mm outboard) compared to the previous 2015 baseline DEMO design, motivated by improving vertical stability [4] . The 2017 baseline model is a generic one in which the breeding zone cells are empty, hence a homogenized material mix was used. However, because updated blanket material configurations
were not yet available, the composition used here corresponds to that optimized for the thicker 2015 DEMO blankets [20, 21] .
Two blanket module configurations are analysed, 1) Helium-Cooled Pebble-Bed (HCPB 2015 v3 [20] ) and 2) Water-Cooled Lead-Lithium (WCLL BB 2015 [21] ). Solid models representing the outer equatorial port limiter and the upper port limiter were generated using CAD software (see Figure 6 ) and converted into a MCNP constructive solid geometry using the McCad conversion tool [22] . These models were integrated into the DEMO sector model removing the existing blanket and vacuum vessel cells ( Figure 6 ). The limiter shield block is composed of 87.5% Eurofer, 7.3% water and 5.1% vacuum. For scaling the single sector results up to a full reactor TBR, it is assumed that there are eight upper port limiters and four outer equatorial (start-up) limiters 3 . For each blanket configuration the number of tritium atoms per source neutron launched, i.e., TBR, has been calculated. For the number of limiters assumed in this initial calculation, the reduction in TBR is found to be less than 0.03. This result is in broad agreement with a recent study of TBR impact of limiters in a double-null DEMO [23] . This is a modest impact and certainly should not prohibit the discrete limiter approach for DEMO wall protection.
FIG. 6. Geometry of the two limiters considered in the preliminary neutronic assessment, and a poloidal section view of
their integration in the DEMO baseline MCNP model.
CONCLUSIONS
Shaping of the DEMO wall in 3-D may prove to be essential to manage heat loads on the W/Eurofer blanket FW, but this strategy alone is not sufficient to protect the wall against anticipated transient plasma events. The HHF wall-limiter approach used in ITER is not thought to be viable in a tritium self-sufficient power reactor, and so in EU DEMO wall protection using discrete limiters is pursued. Two types of discrete limiter have been described in this paper. One is an equatorial port limiter designed to handle the power during the plasma start-up phase making use of water-cooled W/CuCrZr monoblock PFC technology and an underlying Eurofer/water radiation shield block. This is a large component that must be designed for regular remote exchange, and studies of manufacturing feasibility are ongoing.
Among the highest risks in the design of DEMO-class devices is the challenge posed by extreme off-normal transient events such as an unmitigated VDE at full plasma energy. In such an event melting and other damage to ___________________________________________________________________________ 3 Note that, although not reported here, other types of possible limiters are being studied to protect against a more complete list of transients, including for example downward VDEs and a H-L transition, and these would also have an impact on TBR. the plasma-facing armour is inevitable, and damage to the underlying cooling structure leading to release of coolant is a serious concern. The second discrete limiter presented here is the upper limiter, featuring a PFC designed specifically for this type of loading. The heat flux channeling and thermal barrier features have been shown to considerably reduce CuCrZr pipe temperature rise due to a postulated extreme energy event. The early design work on this component has highlighted the need to develop specific design criteria for PFCs intended for accident-loads, as water cooling conditions above CHF and gross plastic deformation of the structure may well be acceptable. The thermal-hydraulics of one-sided extreme transient heating of a pipe is not well understood, and further experimental effort in this field is recommended. The PFC solution presented here is engineering designbased, but the challenge of extreme plasma transients must be tackled in a multi-disciplinary way.
The discrete limiter approach for DEMO presented in this paper will reduce the wall area usable for tritium breeding blankets. However, a preliminary neutronic assessment of the limiters considered has indicated an impact on overall TBR of less than 3%. Although adding further limiters to protect against a more complete list of transient events will further impact TBR, this result should not rule out the discrete limiter approach for DEMO wall protection.
